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β-Chloroprene (2-chloro-1,3-butadiene), a monomer used in 
the production of neoprene elastomers, is of regulatory interest 
due to the production of multiorgan tumors in mouse and rat can-
cer bioassays. A significant increase in female mouse lung tumors 
was observed at the lowest exposure concentration of 12.8 ppm, 
whereas a small, but not statistically significant increase was 
observed in female rats only at the highest exposure concentra-
tion of 80 ppm. The metabolism of chloroprene results in the gen-
eration of reactive epoxides, and the rate of overall chloroprene 
metabolism is highly species dependent. To identify potential key 
events in the mode of action of chloroprene lung tumorigenesis, 
dose-response and time-course gene expression microarray meas-
urements were made in the lungs of female mice and female rats. 
The gene expression changes were analyzed using both a tradi-
tional ANOVA approach followed by pathway enrichment analysis 
and a pathway-based benchmark dose (BMD) analysis approach. 
Pathways related to glutathione biosynthesis and metabolism were 
the primary pathways consistent with cross-species differences in 
tumor incidence. Transcriptional BMD values for the pathway 
were more similar to differences in tumor response than were 
estimated target tissue dose surrogates based on the total amount 
of chloroprene metabolized per unit mass of lung tissue per day. 
The closer correspondence of the transcriptional changes with 
the tumor response is likely due to their reflection of the overall 
balance between metabolic activation and detoxication reactions, 
whereas the current tissue dose surrogate reflects only oxidative 
metabolism.

Key Words:  transcriptomics; microarrays; 2-chloro-1,3-butadi-
ene; chloroprene; lung; mice; rats.

Chloroprene (β-chloroprene, 2-chloro-1,3-butadiene) is a 
volatile, chlorinated hydrocarbon monomer used in the manu-
facture of polychloroprene synthetic rubber (Lynch, M, 2001). 
Occupational exposure to chloroprene occurs primarily through 
inhalation and can occur during monomer synthesis, transport, 
and polymerization (Lynch, J, 2001). Because of its structural 

similarity to butadiene and vinyl chloride, studies on the health 
effects of chloroprene in humans have focused on the poten-
tial carcinogenicity of chloroprene in the liver, lung, and lym-
phohematopoietic systems (Bukowski, 2009). A recent review 
of epidemiological studies does not support a link between 
chloroprene exposure and human cancer; however, inconsist-
encies in the studies and the lack of controls for major con-
founders limit the ability to draw firm conclusions on causality 
(Bukowski, 2009).

Multiple acute, subchronic, and chronic animal studies have 
been performed to gain understanding of possible adverse 
health effects of chloroprene in humans (EPA, 2010a, b; Pagan, 
2007). For cancer-related effects, 2-year cancer bioassays 
have been performed in mice, two strains of rats, and hamsters 
(NTP, 1998; Trochimowicz et al., 1998). The bioassays showed 
significant strain and species differences in sensitivity and 
organ specificity. In B6C3F1 mice, treatment-related tumors 
were observed in the lung, circulatory system, Harderian 
gland, forestomach, kidney, mammary gland, skin, mesentery, 
Zymbal gland, and liver. In rats, treatment-related tumors were 
observed in the lung, oral cavity, thyroid gland, kidney, and 
mammary gland of the Fischer 344 (F344) strain, whereas 
the Wistar strain only showed a weak response in mammary 
tissue and no other organs. No treatment-related tumors were 
observed in Syrian hamsters. Specifically for the lung, both 
male and female B6C3F1 mice showed increased incidences 
of alveolar/bronchiolar adenomas and alveolar/bronchiolar 
carcinomas in all exposed groups. In female F344 rats, the 
incidences of alveolar/bronchiolar carcinomas and alveolar/
bronchiolar adenomas or carcinomas (combined) were slightly 
elevated at 80 ppm, but not statistically significant.

The current hypothesized mode of action for chloroprene 
involves bioactivation to a mutagenic metabolite, leading 
to DNA damage and increased tumors (EPA, 2010b; Pagan 
2007). Although the specific carcinogenic metabolite(s) are 
currently unknown, chloroprene is oxidized by cytochrome 
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P450 enzymes to several metabolites, some of which react 
with DNA and induce mutations (Munter et al., 2007). The pri-
mary isozyme responsible for chloroprene oxidation is Cyp2e1 
(Cottrell et al., 2001; Himmelstein et al., 2001a). The metabo-
lite profile is qualitatively similar across species, but quantita-
tive differences exist in the rates of oxidative metabolism and in 
the downstream detoxification steps (Himmelstein et al., 2004b; 
Munter et al., 2007). The rate of oxidative metabolism in liver 
microsomes was slightly faster in the mouse and hamster than in 
the rat or human, whereas in lung microsomes, the rate of oxi-
dative metabolism was much greater in mice than other species 
(Himmelstein et al., 2004b). Two oxidative metabolites of inter-
est are the epoxides, (1-chloroethenyl)oxirane and 2-chloro-
2-ethenyloxirane (Cottrell et  al., 2001; Himmelstein et  al.,
2001a). The 2-chloro-2-ethenyloxirane metabolite was very
unstable and rapidly converted to ketone and aldehyde products.
The (1-chloroethenyl)oxirane was mutagenic in Salmonella
typhimurium but not clastogenic at noncytotoxic concentrations
(Himmelstein et al., 2001b). The (1-chloroethenyl)oxirane epox-
ide also shows reactivity with DNA in vitro and is a potential
cross-linking agent (Munter et al., 2002; Wadugu et al., 2010).
Detoxification of (1-chloroethenyl)oxirane through epoxide
hydrolase was faster in human and hamster microsomes than in
rat or mouse (Himmelstein et al., 2004b). Overall, physiologi-
cally based pharmacokinetic (PBPK) modeling has suggested
that the species differences in the total amount of chloroprene
metabolized per gram of lung tissue per day can, at least in part,
account for the difference in lung tumor incidence across spe-
cies (Himmelstein et al., 2004a).

Comparative biology is an important tool for understanding 
organism diversity and inferring conservation of phenotypic 
responses across species. In toxicology, two fundamental, but 
interrelated, challenges are to identify a mode of action for a 
particular chemical and determine whether a particular response 
will be conserved across species. The determination of whether 
a response will be conserved usually involves a mechanistic 
understanding of the molecular events and an assessment of 
whether the processes and components that comprise those 
events are present in both the model species and the species 
of interest. In a previous study, dose-response changes in gene 
expression associated with specific pathways were highly cor-
related with both noncancer and cancer pathological responses, 
and many of the correlated pathways were relevant to disease 
pathogenesis (Thomas et al., 2012). In a separate study, gene 
expression changes were used to assess cross-species differ-
ences in potency and efficacy in response to dioxin treatment 
(Black et al., 2012). The results showed divergent cross-species 
gene expression changes in response to treatment, which were 
consistent with epidemiological and clinical evidence showing 
humans to be less sensitive to the compounds examined. Taken 
together, the previous studies suggest that cross-species tran-
scriptomic studies using a combination of sensitive and insensi-
tive species may be used to identify potential modes of action 
for a chemical.

In this study, gene expression microarray measurements were 
made in the lungs of female B6C3F1 mice and female F344 
rats, respectively, as the sensitive and insensitive species to 
chloroprene-induced lung tumors. Focus was given to the lung 
because it is the site of chloroprene uptake and the most sensi-
tive tissue for tumor development, particularly in the mouse. 
The exposure concentrations were selected to span those used 
for the cancer bioassay in the mouse and extend the concentra-
tion range in the rat. The concentration range was extended in 
the rat to provide approximately matched tissue dose surrogates 
based on the total amount of chloroprene metabolized per gram 
of lung tissue per day. Exposures were performed for 6 h/day 
for 5 or 15 days. The gene expression changes were analyzed 
using both a traditional ANOVA approach followed by path-
way enrichment analysis and a pathway-based benchmark dose 
(BMD) analysis approach (Thomas et al., 2012).

Materials and Methods

Chemical and purification.  Chloroprene (CAS 126-99-8), containing 
p-tertiary butyl catechol as a stabilizing agent, was supplied by E.I. DuPont
de Nemours and Company, Inc. as a clear liquid (99% purity). Removal of
the p-tertiary catechol was accomplished by passing approximately 500 ml of
stabilized chloroprene through a 100-ml activated alumina column in a nitro-
gen atmosphere (ICN Biomedicals, Eschwege, Germany) (Himmelstein et al., 
2001a). The first 10–20 ml of chloroprene to elute from the alumina column
was discarded. The remaining purified chloroprene was collected in multiple
screw cap glass vials of either 20 or 40 ml volume sizes. Vials were filled to
approximately 90% of capacity, tightly capped, taped shut using electrical tape, 
and labeled. Capped and sealed vials were placed in metal cans to protect from 
light (5–6 vials per can) and stored at < −70ºC until required. Analytical chem-
istry confirmed that the impurities were < 1%.

Animals and exposures.  Female B6C3F1/Crl mice and female F344/NCrl 
rats were acquired from Charles River at approximately 8 weeks of age. The 
animals were acclimated approximately 10 days prior to exposure to test chem-
ical and were approximately 10 weeks old at the start of the exposure. Animals 
were housed in a temperature (18.3°C–23.9°C) and humidity (40–60%)–con-
trolled environment with a standard 12-h light/dark cycle (approximately 
0700–1900 h for the light phase). Air flow within the housing environment 
was maintained at 12 to 15 air changes per hour. NIH-07 diet (Zeigler Bros., 
Gardners, PA) was provided ad libitum, except during inhalation exposures. 
Reverse osmosis purified water was available ad libitum to all animals.

Approximately 1 week after arrival, the animals were weighed, randomized, 
ear tagged, and randomly assigned to treatment groups. The treatment groups 
for the mice included groups receiving 0.3, 3, 13, and 90 ppm chloroprene 
and a sham air control (0 ppm). The treatment groups for the rats included 
groups receiving 5, 30, 90, and 200 ppm chloroprene and a sham air control 
(0 ppm). The exposure concentrations were selected to span those used for the 
cancer bioassay in the mouse and extend the concentration range in the rat. 
The animals were exposed 6 h/day, 5  day/week in 1-m3 whole-body inhala-
tion chambers (Hazelton H1000, Lab Products, Seaford, DE) constructed of 
glass and stainless steel. A separate 1-m3 chamber was used for each exposure 
concentration and the control. Both the mice and rats were treated for 5 days 
(5 days of exposure) and 19 days (15 exposure days).

Animal use in this study was approved by the Institutional Animal Use 
and Care Committee of The Hamner Institutes for Health Sciences and was 
conducted in accordance with the National Institutes of Health guidelines 
for the care and use of laboratory animals. Animals were housed in fully 
accredited American Association for Accreditation of Laboratory Animal 
Care facilities.
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Atmosphere generation and monitoring.  Exposure atmospheres were 
generated by metering saturated chloroprene vapor from a stainless steel pres-
sure vessel reservoir into the exposure chamber air supply. A small volume of 
chloroprene was injected in the bottom of a pressure vessel, which was then 
pressurized with ultrahigh purity nitrogen (National Welders Supply Co., Inc., 
Durham, NC). After an overnight equilibration period, the concentrated chlo-
roprene vapor was metered through a mass flow controller (MKS Instruments 
Inc., Andover, MA) into the chamber air inlet. Although not specifically ana-
lyzed, chloroprene dimer formation was not expected using this vapor gen-
eration method. The concentration in the exposure system was adjusted by 
changing the flow through the mass flow controller.

Exposure atmospheres were analyzed by a Hewlett Packard 5890 gas chroma-
tograph (Agilent Technologies Inc., Palo Alto, CA) equipped with a flame ioniza-
tion detector and 10-port sampling valve (VICI Valco Instruments, Houston, TX). 
Exposure atmospheres were continuously pulled from each chamber. A 10-port 
sampling valve rotated through a series of ports connected to the chamber sample 
lines to inject a sample from each port onto the GC. The GC analysis was timed 
so that the valve rotated through all 10 positions in 60 min during the exposure 
period. GC chromatograms of samples taken from the inhalation exposure cham-
bers were inspected visually for appearance of additional peaks as a quality check 
for test substance stability throughout the study period. Other than the peak for 
chloroprene, no additional peaks appeared following visual inspection of the GC 
chromatograms during daily exposures, indicating stability of the test substance 
throughout the study. The calculated limit of detection was 0.18 and 0.27 ppm 
for the mouse and rat exposures, respectively. The exposure chamber distribution 
uniformity measurements were performed after the end of the study for an expo-
sure concentration of 200 ppm. The coefficient of variation was less than 3% for 
the exposure chamber used for the 200-ppm exposure group.

Necropsy and histology.  Animals were sacrificed immediately following 
exposure on the 5th day (5 days of exposure) or the 19th day (15 exposure 
days). Animals were exposed in the morning and sacrificed in the afternoon. To 
allow sufficient time for off-gassing in the treated animals, the control animals 
were sacrificed first. Among the treated animals, the animals were sacrificed in 
a staged order with one animal sacrificed sequentially from each concentration 
(i.e., one animal from 0.3 ppm, one animal from 3 ppm, etc. until the highest 
concentration, and then the process was repeated). The animals were anesthe-
tized with sodium pentobarbital and exsanguinated. Gross observations were 
recorded in Provantis NT2000.

Lung samples were obtained by placing a suture loosely around the left bron-
chus at the site where the bronchus enters the left lung lobe. A second suture 
was placed around the right bronchus and pulled tightly to tie off the right lung 
lobes. The right lung lobes were removed and placed in RNAlater (Ambion, 
Austin, TX), and the left lung infused under hydrostatic pressure (~30 cm) with 
neutral buffered formalin. After the left lung was filled with fixative, the suture 
around the left bronchus was pulled tightly to tie off the expanded left lobe. 
The left lung lobe with trachea attached was removed from the carcass and 
transferred to a cup of neutral buffered formalin. Samples placed in RNAlater 
were incubated overnight at 4°C and frozen the next day at < −70°C. Following 
a standard fixation period, the formalin-fixed tissues were placed in cassettes 
for cross-sectional embedment into paraffin. The lungs were sectioned, stained 
with hematoxylin and eosin, and evaluated for histopathology. Histological 
changes were assessed by an accredited pathologist.

Gene expression microarray measurements.  Gene expression microar-
ray analysis was performed on five mice and five rats per concentration per 
time point. Total RNA was isolated from the lung tissue using TRIzol rea-
gent (Invitrogen, Carlsbad, CA). The isolated RNA was further purified using 
RNeasy columns (Qiagen, Valencia, CA) and the integrity of the RNA veri-
fied spectrophotometrically and with the Agilent 2100 Bioanalyzer (Palo Alto, 
CA). Double-stranded cDNA was synthesized from 5 µg of total RNA using 
the One-Cycle cDNA synthesis kit (Affymetrix, Santa Clara, CA). Biotin-
labeled cRNA was transcribed from the cDNA using the GeneChip IVT 
Labeling Kit (Affymetrix). Fifteen micrograms of labeled cRNA was frag-
mented and hybridized to Affymetrix Mouse Genome 430 2.0 or Rat Genome 
230 2.0 microarrays. The hybridized arrays were washed using the GeneChip 

Fluidics Station 450 and scanned using a GeneChip 3000 scanner. The gene 
expression results were deposited in the National Center for Biotechnology 
Information Gene Expression Omnibus (Accession No.: GSE40795).

Gene expression ANOVA and pathway enrichment analysis.  Microarray 
data were preprocessed using the robust multiarray average method with a log 
base 2 (log

2
) transformation (Irizarry et al., 2003). The basic statistical analysis 

of the gene expression changes in each species were performed using ANOVA 
with contrasts between each chemical concentration and the associated con-
trol group at each time point (e.g., 0.3 ppm vs. control at 5-day time point). 
Probability values were adjusted for multiple comparisons using a false dis-
covery rate (FDR) and significance was defined as FDR < 0.05 (Benjamini 
and Hochberg, 1995). The ANOVA analysis and associated contrasts were 
performed using Partek Genomics Suite (Partek Incorporated, St Louis, MO). 
The probe sets were converted into genes based on the annotation provided 
by Affymetrix. The pathway enrichment analysis was conducted using the 
GeneGo pathway maps in the Metacore database (Version 6.10 build 31731; 
GeneGo, St Joseph, MI). The GeneGo pathway maps included the ToxHunter 
pathways. The enrichment p values were calculated based on a hypergeomet-
ric distribution with the GeneGo database used as the background. Significant 
enrichment was defined as a FDR-corrected p value < 0.05.

Transcriptional BMD analysis.  The analysis of the gene expression 
microarray data was performed as described previously (Thomas et al., 2007) 
with modification. All probe sets were fit as continuous data to a series of four 
different dose-response models—linear, 2° polynomial, 3° polynomial, and 
power models. Each model was run assuming constant variance, and the bench-
mark response (BMR) factor was set to 1.349 multiplied by the SD in the control 
animals to estimate a BMD with a 10% increase in tail area (see Thomas et al. 
[2007] for details on its derivation). For model selection, a nested likelihood 
ratio test was performed on the linear, 2° polynomial, and 3° polynomial models. 
If the more complex model provided a significantly improved fit (p < 0.05), the 
more complex model was selected. If the more complex model did not provide 
a significantly improved fit (p ≥ 0.05), the simpler model was selected (Posada 
and Buckley, 2004). The Akaike information criterion (AIC) for the selected 
polynomial model was then compared with the AIC for the power model. The 
model with the lowest AIC (Akaike, 1973) was selected as the final model and 
was used to calculate a BMD and the associated lower 95% confidence level 
(BMDL). To avoid model extrapolation and any potential bias from poor fitting 
genes, probe sets with a BMD value greater than the highest concentration or a 
goodness-of-fit p value < 0.1 were removed from further analysis.

Affymetrix probe sets were converted into unique genes based on their 
NCBI Entrez Gene ID. Promiscuous probe sets (i.e., those that interrogate 
more than one gene) were removed from the analysis. When two or more probe 
sets were associated with a single gene, the BMD and BMDL values for the 
individual probe sets were averaged to obtain a single BMD and BMDL value. 
The Entrez Gene identifiers were then matched to their corresponding path-
ways using the GeneGo Metacore database (GeneGo, St Joseph, MI). A total of 
682 pathways were used, which included the GeneGo pathway maps with the 
ToxHunter supplemental pathways. Pathways with less than five genes were 
removed from the analysis. Unless otherwise stated, median BMD and BMDL 
values were used to summarize each pathway.

BMD analysis of lung tumor incidence.  The data set containing the com-
bined incidences of adenoma and carcinoma in the lung (4/50, 28/49, 34/50, 
42/50) from the National Toxicology Program 2-year rodent cancer bioassay 
was fit to the multistage cancer model with a BMR of 10% extra risk (BMDS 
software, Version 2.1.2, U.S. Environmental Protection Agency). For the 
mouse lung tumor data set, a linear model was used to fit these responses; 
however, the fit of the model was poor (p = 0.044). Dropping the high dose 
marginally improved the fit (p = 0.047) but had little effect on the BMD or 
BMDL. This analysis was different from the time-to-tumor analysis employed 
by the U.S. Environmental Protection Agency (U.S. EPA) in the Integrated 
Risk Information System (IRIS) risk assessment.

For the rat lung tumor data set (1/49, 0/50, 0/50, 3/50), a third-order poly-
nomial was selected as the best model based on the AIC. The goodness-of-fit p 
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value indicated a good fit (p = 0.333), but the BMD estimate was greater than 
the highest dose used in the bioassay. The U.S. EPA did not perform an analysis 
of the rat lung tumor data in their IRIS assessment.

Pathway filtering based on cross-species differences in lung tumor 
responses.  To identify potential key events in the mode of action of chloroprene 
lung tumorigenesis, both the pathway enrichment and transcriptional BMD results 
were filtered to identify those whose dose-response changes were consistent with 
the cross-species differences in tumor incidence. The pathway enrichment results 
were filtered based on the following criteria: (Mouse Pathway Enrichment at 13 
ppm at 5-day time point OR Mouse Pathway Enrichment at 13 ppm at 15-day time 
point) AND (NOT Rat Pathway Enrichment < 90 ppm at 5-day time point) AND 
(NOT Rat Pathway Enrichment < 90 ppm at 15-day time point). The transcrip-
tional BMD results were filtered based on the following criteria: (Mouse Pathway 
BMD ≤ 10 ppm at 5-day time point OR Mouse Pathway Enrichment ≤ 10 ppm at 
15-day time point) AND (NOT Rat Pathway BMD < 80 ppm at 5-day time point) 
AND (NOT Rat Pathway BMD < 80 ppm at 15-day time point).

Target tissue dose surrogate calculation.  A modified PBPK model for 
chloroprene in the rat and mouse (Himmelstein et al., 2004a; Yang et al., 2012) 
was used to calculate target tissue (lung) dose surrogates for the putative carci-
nogenic moieties, the reactive epoxides produced by the metabolism of chloro-
prene in the lung. As in previous studies (Andersen et al., 1987; Clewell et al., 
2001), the surrogate used for the target tissue exposure to reactive metabolites 
was the predicted total amount of parent chemical (chloroprene) metabolized 
by the target tissue per gram of tissue per day. The lung and liver metabolic 
parameters in the PBPK model were estimated using in vitro data on the 
metabolism of chloroprene in pooled microsomes (Himmelstein et al., 2004a; 
Yang et al., 2012). Significantly higher metabolic capacity per gram lung was 
estimated in the female mouse than in the female rat (0.11 and 0.014 mg/h/kg, 
respectively). The Michaelis constant (K

m
) in the mouse lung was estimated to 

be 0.25 mg/l; K
m
 in the rat lung was not identifiable, so the estimated rat liver 

K
m
 value of 0.09 was used for the rat lung as well. To obtain the dose surro-

gates, the model was run to simulate the exposure pattern in the experimental 
study for the period of interest (5 or 15 days), and the predicted total metabo-
lism per gram of lung tissue was divided by the number of days simulated.

Results

Histological Changes

At necropsy, there were no gross observations for animals 
in this study. Minimal epithelial hyperplasia of the terminal 
bronchioles was evident in the majority of the mice exposed to 
90 ppm chloroprene following 5 or 15 days duration (seven out 
of eight mice at 5 days and eight out of eight mice at 15 days). 
This was a subtle effect and characterized by an increased number 
of respiratory epithelial cells with occasional large nuclei in the 
terminal bronchioles. There were no treatment-related microscopic 
effects observed in the lungs of rats exposed to up to 200 ppm 
chloroprene for up to 15 days compared with control rats.

Gene Expression Changes Based on ANOVA

In the female mouse lung, the number of genes showing sig-
nificant change in expression (either up- or downregulation) 
(± 1.5-fold and FDR < 0.05) increased with concentration at 
both the 5- and 15-day time points (Table 1). No genes showed 
significant changes at the 0.3 ppm concentration at either time 
point. At the 5-day time point, a total of 28, 60, and 725 genes 
showed significant changes in expression at 3, 13, and 90 ppm 
concentrations, respectively. At the 15-day time point, a total 
of 15, 53, and 716 genes showed differential expression at the 

same exposure concentrations. Responses were approximately 
equally divided between upregulated and downregulated genes. 
Hierarchical clustering of all significant genes showed that 
most genes possessed similar dose-response changes at the 5- 
and 15-day time points (Fig. 1A). The full set of differentially 
expressed mouse genes and probes is available as supplementary 
material (Supplementary File 1).

In the female rat lung, no significant changes in the expres-
sion of any genes were observed either at the 5 ppm concentra-
tion at the 5- or 15-day time point or at the 30 ppm concentration 
at the 5-day time point. The number of genes with significantly 
altered expression in the rat lung at the 5-day time point was 
259 and 395 at the 90 and 200 ppm concentrations, respectively 
(Table 1). At the 15-day time point, the number of genes with 
significantly altered expression was 72, 62, and 108 at 30, 90, 
and 200 ppm, respectively. In contrast to the mouse, the majority 
of the genes showing differential expression were upregulated 
and the response tended to be more acute (i.e., larger number of 
differentially expressed genes at the 5-day time point compared 
with the 15-day time point). Hierarchical clustering of the dif-
ferentially expressed genes showed that a large proportion dis-
played differential behavior at the two time points (Fig. 1B). 
The full set of differentially expressed rat genes and probes is 
available as supplementary material (Supplementary File 1).

Pathway Enrichment Analysis

Among the top 10 pathways significantly enriched in the 
female mouse lung, the Nuclear factor (erythroid-derived 
2)-like 2 (NRF2) pathway related to oxidative stress and the 
glutathione metabolism pathway were enriched beginning at 3 
ppm and extending to the highest concentration (90 ppm) at 
both time points (Fig.  2). The extent of enrichment was not 
dose dependent for these pathways because the 13 ppm dose 
showed the largest −log p value at both time points. The genes 
associated with enrichment of the glutathione pathway included 
those involved in biosynthesis and metabolism (Supplementary 
File 2). Significant enrichment was also observed in the pathway 
related to the effect of arsenite on glucose-stimulated insulin 
secretion beginning at 3 ppm and both time points except the 90 
ppm concentration at 5 days. Significant enrichment in immune 

Table 1
Total Number of Differentially Expressed Probes and Genes 

(+ 1.5-fold change and FDR < 0.05)

Mouse Rat

Concentration 
(ppm)

Time point
Concentration 

(ppm)

Time point

5 days 15 days 5 days 15 days

0.3 0 (0)a 0 (0) 5 0 (0) 0 (0)
3 31 (28) 20 (15) 30 0 (0) 178 (72)

13 79 (60) 76 (53) 90 563 (259) 119 (62)
90 984 (725) 987 (716) 200 800 (395) 195 (108)

aNumber of probes (genes).
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response pathways occurred only at the highest concentration 
at both time points. The immune response pathways included 
the T-cell receptor pathway, PIP3 signaling in B lymphocytes, 
the B-cell receptor pathway, and T-cell receptor and CD28 
stimulation of nuclear factor kappa B (NFκB).  The full set 
of enriched mouse pathways is available as supplementary 
material (Supplementary File 3).

Among the top 10 pathways significantly enriched in the female 
rat lung, both the circadian rhythm and cytoskeleton remodeling 
pathways were enriched beginning at 90 ppm at the 5-day time 
point and beginning at 30 ppm at the 15-day time point (Fig. 3). 
Significant enrichment was observed in the NRF2 pathway related 
to oxidative stress at the highest two concentrations at the 5-day 
time point and the highest concentration at the 15-day time point. 
Similarly, enrichment in the bone morphogenetic protein (BMP) 
signaling pathway was observed at the highest two concentra-
tions at the 5-day time point, whereas enrichment in methionine, 
cysteine, and glutamate metabolism was observed at the high-
est two concentrations at the 15-day time point. The remaining 
pathways related to integrin signaling, the Jun N-terminal kinase 
(JNK) pathway, and epidermal growth factor (EGF) receptor sign-
aling were only enriched at the 90 ppm concentration at the 5-day 
time point. The full set of enriched rat pathways is available as 
supplementary material (Supplementary File 3).

BMD Analysis of Lung Tumor Incidence

The data sets containing the combined incidences of ade-
noma and carcinoma in the lung from the National Toxicology 
Program 2-year rodent cancer bioassay were fit to the multi-
stage cancer model with a BMR of 10% extra risk. The BMD

10
 

and BMDL
10

 for the female mouse lung tumors was 3.6 and 2.9 
ppm, respectively. The time-to-tumor analysis employed by the 
U.S. EPA in the IRIS assessment resulted in a lower BMD

10
 

and BMDL
10

 of 1.2 and 0.88 ppm, respectively. The BMD
10

 
and BMDL

10
 for the female rat lung tumors were 102 and 76 

ppm, respectively. The U.S. EPA did not perform an analysis on 
the rat tumor data. Based on our dose-response modeling, the 
cross-species ratio in BMD

10
 values was 28 (102 vs. 3.6 ppm).

Transcriptional BMD Analysis

In the female mouse lung, the most sensitive pathway at the 
5-day time point related to nitric oxide signaling in survival had
a median BMD of 1.83 ppm (Table 2). The next series of sensitive 
pathways at the 5-day time point had median BMD values that
clustered between 5 and 7 ppm. These included pathways related 
to circulation of bile acids, glutathione metabolism, amino
acid metabolism, and activation of the constitutive androstane
receptor (CAR). At the 15-day time point, the most sensitive
pathways had BMD values that clustered between 5 and 8 ppm.
These included pathways related to glutathione metabolism,
heme metabolism, circulation of bile acids, and ubiquinone
metabolism. The full set of mouse transcriptional BMD results
is included as supplementary material (Supplementary File 4).

In the rat lung, the most sensitive pathway at the 5-day time 
point was ascorbate metabolism with a median BMD of 37.99 
ppm (Table 3). Other sensitive pathways at the 5-day time point 
had median BMD values between 40 and 50 ppm were related 
to glycosphingolipids metabolism, beta-alanine metabolism, 
neurite outgrowth, and DNA replication. At the 15-day time 
point, the BMD values for the most sensitive pathways were 

Fig. 1.  Hierarchical clustering of differentially expressed probe sets (fold-change > ± 1.5 and FDR < 0.05) in the (A) mouse and (B) rat lung as a function of 
dose and time. The color and intensity represent the log

2
 fold change in expression relative to the vehicle control at the associated time point. The columns in the 

heat map are arranged from left to right with increasing concentrations of chloroprene (0.3, 3, 13, and 90 ppm in the mouse and 5, 30, 90, and 200 ppm in the rat). 
Clustering was performed using Euclidean distance and average linkage.
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lower, ranging from 12 to 17 ppm. These included pathways 
related to growth hormone signaling, immune signaling, vita-
min D receptor signaling, and thyroid hormone–related signal-
ing. The full set of rat transcriptional BMD results is included 
as supplementary material (Supplementary File 4).

Pathway Responses Consistent With Cross-Species Tumor 
Incidence

To identify potential key events in the mode of action of 
chloroprene lung tumorigenesis, both the pathway and process 
enrichment analysis and the pathway BMD analysis were 
filtered to identify those whose dose-response changes were 
consistent with the cross-species differences in tumor incidence. 
In the enrichment analysis, a pathway must be enriched in mice 
at the lowest concentration in the 2-year cancer bioassay where 
a significant increase in lung tumors was observed (i.e., 12.8 
ppm) and not enriched in female rats at the highest concentration 
tested in the 2-year cancer bioassay where no significant increase 
in lung tumors was observed (i.e., 80 ppm). Due to dose spacing 
in the study, this amounted to pathways being enriched at the 13 
ppm concentration in the mouse lung at either the 5- or 15-day 

time points. The pathways must also not be enriched in the rat 
at the 30 ppm concentration at either time point. Nothing was 
enriched at the 5 ppm concentration because no genes were 
altered. A total of 17 pathways met these criteria (Table 4).

A previous study demonstrated good concordance between 
pathway-based transcriptional BMD values and those for api-
cal cancer and noncancer responses (Thomas et al., 2011). In 
the chloroprene cancer bioassay, the BMD for female mouse 
lung tumors was 3.62 ppm, whereas the BMD for female rat 
lung tumors was greater than the highest dose used in the bioas-
say (80 ppm). To match these values within a reasonable range 
of experimental variation, the pathway-based transcriptional 
BMD values were filtered to include those with BMD values ≤ 
10 ppm at either the 5- or 15-day time point in the mouse and 
BMD values > 80 ppm at both time points in the rat. A total of 
four pathways met these criteria (Table 5).

Dose Surrogates in the Mouse and Rat Lung Based 
on Pharmacokinetics

Because the specific carcinogenic metabolite(s) are currently 
unknown, a previous study used the total amount of oxidative 

Fig. 2.  Top 10 significantly enriched pathways in the mouse lung following exposure to chloroprene. Bars are color coded based on time point and chloro-
prene concentration. Missing bars indicate that the pathway was not significantly enriched (FDR < 0.05).
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metabolites per unit lung mass per day as the dose surrogate for 
scaling the potential lung cancer risk across species (Himmelstein 
et al., 2004a). The previous model was refined based on updated in 

vitro data (Yang et al., 2012), and the total amount of chloroprene 
metabolized per unit lung mass was recalculated (Fig. 4). The 
results show a nonlinear relationship in the dose surrogate 

Fig. 3.  Top 10 significantly enriched pathways in the rat lung following exposure to chloroprene. Bars are color coded based on time point and chloroprene 
concentration. Missing bars indicate that the pathway was not significantly enriched (FDR < 0.05).

Table 2
Transcriptional BMD Estimates for the Most Sensitive Pathways in the Mouse Lung

Pathway
Total genes in pathway/

genes with BMD Median BMD (ppm) Median BMDL (ppm)

5-day time point
Apoptosis and survival: NO signaling in survival 20/7   1.83 1.12
Cholehepatic circulation of bile acids 16/5   5.68 4.00
Glutathione metabolism 36/21   5.85 3.80
Methionine-cysteine-glutamate metabolism 18/10   6.10 3.94
Constitutive androstane receptor–mediated direct regulation of xenobiotic

metabolizing enzymes
27/8   7.54 4.90

15-day time point
Glutathione metabolism 36/18   5.85 3.86
Heme metabolism 26/11   6.35 4.08
Enterohepatic circulation of bile acids 20/7   6.83 4.61
Ubiquinone metabolism 41/7   8.03 5.16
Tyrosine metabolism p.1 (dopamine) 16/5 11.10 6.43
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for both species due to saturation of metabolism. The dose 
response for metabolism is complex because saturation occurs 
at different concentrations in the lung and liver (Sarangapani 
et al., 2002). Model-predicted dose surrogates in the mouse were 
approximately four to eightfold higher than those in the rat for 
exposure concentrations greater than 1 ppm (Fig. 4).

Discussion

Chloroprene is a rodent carcinogen with significant strain and 
species differences in sensitivity and organ specificity. In the 
rodent cancer bioassay performed by the National Toxicology 
Program, chloroprene produced a significant increase in tumors 

across multiple sites and in both B6C3F1 mice and F344 rats 
(NTP, 1998). In the U.S. EPA’s risk assessment for chloroprene 
(EPA, 2010a), lung tumors in the B6C3F1 mice were considered 
as one of the primary endpoints for carcinogenic risk because 
of the significant increase in incidence at the lowest exposure 
concentration (12.8 ppm). In contrast, only a slight, but not sta-
tistically significant, increase in lung tumors was observed at the 
highest exposure concentration (80 ppm) in female F344 rats.

The hypothesized mode of action for chloroprene involves 
the generation of reactive epoxide metabolites, leading to DNA 
damage and increased tumors (EPA, 2010b; Pagan, 2007). In 
vitro metabolism studies identified (1-chloroethenyl)oxirane 
as the primary metabolite, and it was sufficiently stable to be 

Table 3
Transcriptional BMD Estimates for the Most Sensitive Pathways in the Rat Lung

Pathway
Total genes in pathway/

genes with BMD Median BMD (ppm) Median BMDL (ppm)

5-day time point
Ascorbate metabolism 12/5 37.99 24.14
Globo-(isoglobo) series glycosphingolipids metabolism 11/5 42.95 25.93
Beta-alanine metabolism 10/5 45.83 27.06
Development: MAG-dependent inhibition of neurite outgrowth 50/13 49.00 28.24
Cell cycle: Start of DNA replication in early S phase 32/13 49.05 29.00
15-day time point
Development: Growth hormone signaling via PI3K/AKT and MAPK cascades 41/7 12.84   8.04
Immune response: Lectin-induced complement pathway 24/5 15.02   8.93
Immune response: Oncostatin M signaling via MAPK 39/9 15.59   9.10
Transcription: Role of vitamin D receptor (VDR) in regulation of genes

involved in osteoporosis
41/8 17.17   9.63

Regulation of metabolism: Triiodothyronine and thyroxine signaling 27/5 17.32   9.75

Table 4
Significantly Enriched Pathways Consistent With Cross-Species Differences in Lung Tumor Incidence

Pathwaya

5-day time point 15-day time point

Mouse−Log (p value) Mouse−Log (p value)

NRF2 regulation of oxidative stress response 13.52 11.03
Glutathione metabolism   9.12 10.36
Influence of low doses of arsenite on glucose-stimulated insulin secretion in pancreatic cells   9.04   8.65
Transcription: Role of AP-1 in regulation of cellular metabolism   3.68   3.49
Methionine-cysteine-glutamate metabolism   3.51   4.82
Transcription: Transcription regulation of amino acid metabolism   2.57   2.45
Transcription: Role of Akt in hypoxia-induced hypoxia inducible factor 1 alpha (HIF1) activation   2.51   2.39
Constitutive androstane receptor–mediated direct regulation of xenobiotic metabolizing enzymes   2.15   2.03
Translation: (L)-Selenoaminoacids incorporation in proteins during translation   2.15   2.03
Heme metabolism   2.45 —
Mechanisms of cystic fibrosis transmembrane conductance regulator (CFTR) activation by 

S-nitrosoglutathione (normal and cystic fibrosis)
—   6.29

Regulation of degradation of deltaF508 CFTR in cystic fibrosis —   3.94
CFTR folding and maturation (norm and cystic fibrosis) —   2.96
Development: Glucocorticoid receptor signaling —   2.49
Immune response: Antigen presentation by major histocompatibility complex (MHC) class I —   2.36
Oxidative stress: Role of ASK1 under oxidative stress —   2.19
Cholehepatic circulation of bile acids —   2.10

aRedundant pathways (e.g., same pathway in humans and rodents) have been removed.
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structurally identified (Himmelstein et  al., 2001a). A  second 
metabolite, (2-chloro-2-ethenyl)oxirane, was also identified, 
but it was much less stable in vitro, and its structure was 
inferred based on degradation products (Cottrell et al., 2001). 
The primary isozyme responsible for chloroprene oxidation 
is Cyp2e1 (Cottrell et  al., 2001; Himmelstein et  al., 2001a). 
The (1-chloroethenyl)oxirane metabolite is a substrate 
for detoxification by epoxide hydrolase and glutathione 
S-transferase reactions (Himmelstein et  al., 2001a). The
proposed breakdown products and secondary metabolism of
(2-chloro-2-ethenyl)oxirane are much more complex with
multiple secondary and tertiary metabolites that also include
hydrolysis and conjugation with glutathione (Munter et  al.,
2007). The specific carcinogenic metabolite(s) have not been
conclusively identified; however, (1-chloroethenyl)oxirane

was mutagenic in S. typhimurium (Himmelstein et al., 2001b) 
and shows reactivity with DNA in vitro (Munter et al., 2002). 
Importantly, the rate of metabolic formation of the epoxide 
metabolites is highly species dependent. In lung microsomes, 
the rate of oxidative metabolism was much greater in mice than 
in other species (Himmelstein et al., 2004b), and this has been 
proposed as the primary reason for the high incidence of lung 
tumors in female mice than in female rats (Himmelstein et al., 
2004a).

The term “toxicogenomics” was introduced into the literature 
over a decade ago with the expectation that combining the fields 
of toxicology and genomics would lead to the rapid identification 
and mechanistic understanding of chemical agents that result in 
adverse human health effects (Nuwaysir et  al., 1999). At the 
time, transcriptional analysis using microarrays was the primary 

Table 5
Pathways With Transcriptional BMD Values Consistent With Cross-Species BMD Values for Lung Tumor Responses

Pathway
Total  
genes

Mouse Rat

5 days 15 days 5 days 15 days

Genes  
with BMD

Median  
BMD (ppm)

Genes  
with BMD

Median  
BMD (ppm)

Genes  
with BMD

Median  
BMD (ppm)

Genes  
with BMD

Median  
BMD (ppm)

Glutathione metabolism 33 21 5.85 18   5.85 11 146.61 9   83.70
Methionine-cysteine-glutamate 

metabolism
18 10 6.10 10 25.25   8 101.17 9   83.70

(L)-Alanine, (L)-cysteine, and 
(L)-methionine metabolism

24 10 9.27   9 49.65 11 134.60 8   96.67

Bile acid biosynthesis 21   8 9.99 11 12.04 10 148.00 3 189.40

Fig. 4.  The relationship between exposure concentration (ppm) and the dose surrogate of the total amount of chloroprene metabolized per unit mass of lung 
tissue per day (µmol/g lung/day) in female mice and rats. Female mice are represented by the solid black line and female rats are represented by the dashed black 
line. The dose surrogate in the female mouse lung at the lowest exposure concentration in the rodent cancer bioassay (12.8 ppm) is indicated by the vertical line.
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technology available. Although bioinformatic tools have contin-
ued to improve the interpretation of gene expression microarray 
data, the ability to identify the mechanism of action for a chemi-
cal based on gene expression microarray data is still a challenge. 
Multiple confounding issues contribute to this challenge includ-
ing nonspecific effects of a chemical outside of the primary 
molecular mechanism, adaptive cellular responses to the chemi-
cal, temporal differences between phenotypic responses and 
gene expression changes, dissociation between transcriptional 
and protein-related changes, and downstream secondary and ter-
tiary gene expression changes. In an attempt to filter out many of 
these confounding issues and help understand the potential mode 
of action of chloroprene in mouse lung tumors, we performed 
time-course and dose-response gene expression microarray 
analysis in the lung tumor–sensitive female B6C3F1 mice and 
compared the changes with those observed in the insensitive 
female F344 rats. Analysis of the gene expression changes was 
performed using both a traditional ANOVA followed by pathway 
enrichment analysis and pathway-based BMD analysis. In each 

type of analysis, the pathways were examined to identify only 
those pathways with a dose response that was consistent with the 
cross-species differences in lung tumor incidence. In the enrich-
ment analysis, a total of 18 pathways were enriched in the mouse 
lung at carcinogenic doses (≥ 12.8 ppm), and only one of these 
was also enriched in the rat lung at noncarcinogenic doses (≤ 80 
ppm), leaving 17 pathways as potential candidates for involve-
ment in the mode of action. In the pathway-based BMD analysis, 
a total of 11 pathways had median BMD values that were similar 
to the BMD value for chloroprene-induced lung tumors in the 
mouse. However, when these pathways were filtered to remove 
those with a median BMD value in the rat less than 80 ppm, only 
four pathways remained.

For the pathways identified using either the enrichment 
or BMD approaches, only two overlapped. These included 
glutathione metabolism and methionine-cysteine-glutamate 
metabolism. The ratios of the BMD values across species for 
these pathways were similar to the ratio of the BMD values 
for lung tumors. For the glutathione pathway, the cross-species 

Fig. 5.  Gene expression changes in key mouse and rat enzymes involved in chloroprene oxidation and hydroxylation. Expression changes in (A) mouse 
Cyp2e1, (B) rat Cyp2e1, (C) mouse Ephx1, and (D) rat Ephx1. Bars are mean ± SD. Black and gray bars represent expression at the 5- and 15-day time points, 
respectively. *p < 0.05.
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BMD ratio ranged from 14 to 25 depending on the time 
point (Table 5), whereas the cross-species BMD ratio for the 
tumor response was 28 (102 vs. 3.6 ppm). The transcriptional 
perturbation of the glutathione pathway is also consistent with 
the generation of reactive metabolites as a key event in the 
mode of action for chloroprene-induced lung tumors. A higher 
reactive metabolite burden in the mouse lung would translate 
into a greater dependence on reactivity with glutathione. 
Because glutathione is a tripeptide that is synthesized from 
L-cysteine, L-glutamic acid, and glycine (Pompella et  al.,
2003), the transcriptional response in the methionine-cysteine-
glutamate metabolism pathway is likely a secondary response
to the glutathione biosynthesis. Further experimentation would
be necessary to confirm the effect on glutathione-related gene
expression by measuring and correlating in vivo glutathione
status during in vivo chloroprene inhalation exposure.

Based on their consistency with the apical effect, the tran-
scriptional changes in these pathways may be considered 
“bioindicators” of response (Preston, 2002). The cross-species 
BMD ratio for the glutathione pathway was more similar to the 
differences in the tumor response than the previously proposed 
target tissue dose surrogate of the total amount of chloroprene 
metabolized per unit mass of lung tissue per day (Himmelstein 
et al., 2004a). The cross-species difference in the total amount 
of chloroprene metabolized per gram of lung tissue per day was 
on the order of four- to eightfold at concentrations greater than 
1 ppm.

The current PBPK model was developed to account for total 
chloroprene oxidation in the basal state and does not include 
parameters for detoxification by epoxide hydrolase or induction 
of biotransformation enzymes resulting from treatment. For 
detoxification by epoxide hydrolase, the in vitro rate of metab-
olism has been measured in both mouse and rat microsomes 
(Himmelstein et  al., 2004b). In the mouse lung, the V

max
/K

m
 

for chloroprene oxidation was 66.7 ml/h/mg protein, whereas 
hydrolysis was 2.1 ml/h/mg protein for an activation-to-detoxi-
fication ratio of 32:1. The corresponding V

max
/K

m
 values for the 

rat lung were 1.3 ml/h/mg protein for oxidation and hydrolysis, 
giving an activation-to-detoxification ratio of 1:1. The ratios 
suggest that the reactive metabolite burden would be as much 
as 30-fold higher in mouse lung than in the rat lung in the basal 
state. However, these in vitro measurements of metabolism may 
be confounded by dose-dependent increases in Cyp2e1 mRNA 
in the rat lung and microsomal epoxide hydrolase-1 (Ephx1) 
mRNA in the mouse lung observed in our studies (Fig. 5). It 
is not yet known whether the changes in Cyp2e1 and Ephx1 
mRNAs are translated into increased enzyme activity, but the 
ultimate result would be a narrowing of the cross-species dif-
ferences in the activation-to-detoxification ratios.

The closer association of the glutathione transcriptional 
response with tumors may be a reflection of either greater 
cross-species differences in the amount of reactive metabo-
lites formed in the target cell type (likely Clara cells richer in 
cytochrome P450 enzymes) as opposed to normalizing across 

the whole lung or the potential cross-species differences 
in detoxification and antioxidant responses, which are not 
included in the current PBPK model. Interestingly, the cross-
species differences in the pathway BMD values for the most 
sensitive pathways (i.e., those with the lowest median BMD 
values) were more closely aligned with the difference in the 
total amount of chloroprene metabolized per gram of lung 
tissue. Pathway BMD values for the most sensitive pathways 
occurred at similar target tissue dose surrogates in both species 
(~0.2 µmol/g/day). Notably, the dose surrogate in the female 
mouse lung at the lowest exposure concentration in the rodent 
cancer bioassay (12.8 ppm) was approximately 1 µmol/g/day 
and was never reached in the female rat lung at any exposure 
concentration.

In conclusion, the cross-species transcriptomic results are 
consistent with the generation of reactive metabolites as a 
key event in the mode of action for chloroprene-induced lung 
tumors. Further, based on cross-species BMD ratios, the path-
way-based transcriptional responses appear to be an improved 
surrogate for lung tumor risk than previous surrogates based 
solely on chloroprene oxidative metabolism and pharmacoki-
netics. Application of the cross-species transcriptomic studies 
to organotypic in vitro models of human lung cells may help 
assess the relative risks of chloroprene exposure to humans. 
Conserved responses may differ in magnitude between spe-
cies, but if the differences are consistent, then appropriate 
adjustment factors can be derived for cross-species inferences 
(NRC, 2007).

Supplementary Data

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.﻿﻿﻿﻿﻿﻿﻿‍
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